Aims. We report the identification of 26 cool DZ white dwarfs that lie across and below the main sequence in the Sloan Digital Sky Survey (SDSS) (u − g) vs. (g − r) two-color diagram; 21 of these stars are new discoveries. Methods. The sample was identified by visual inspection of all spectra of objects that fall below the main sequence in the two-color diagram, as well as by an automated search for characteristic spectral features over a large area in color space that included the main sequence. The spectra and photometry provided by the SDSS project are interpreted with model atmospheres, including all relevant metals. Effective temperatures and element abundances are determined, while the surface gravity has to be assumed and was fixed at the canonical value of log g = 8.
Introduction
Cool white dwarfs with traces of metals other than carbon are designated with the letter "Z" in the current classification system. If Balmer lines are visible, they are called DAZ or DZA, depending on whether hydrogen lines or some metal lines are the strongest. Helium-dominated DBs with metals are DBZ, and finally, at lower temperature where no hydrogen or helium lines remain visible, there are the DZs. Helium-rich DBZs and DZs have been known for a long time; in fact, one of the first three classical white dwarfs, van Maanen 2, belongs to this class (Kuiper 1941) . DAZs were discovered much later (Koester et al. 1997; Holberg et al. 1997 ), but this is purely observational bias, since the metal line strengths are much weaker in hydrogen atmospheres with lower transparency.
The almost mono-elemental composition of the outer layers is caused by gravitational settling, with time scales much shorter than the white dwarf evolutionary time scales. The metals can therefore not be primordial. For decades the standard explanation has been accretion from interstellar matter (ISM), with subsequent diffusion downward out of the atmosphere. This scenario has been discussed in detail and compared with observations in a series of three fundamental papers by Dupuis et al. (1992 Dupuis et al. ( , 1993a . A special case is the DQ spectral class, with pollution by the element carbon. The carbon can be dredgedup from below the outer helium layer by a deepening convection zone and does not necessarily need an exterior source (Koester et al. 1982; Pelletier et al. 1986 ).
The ISM accretion hypothesis for the DZ has a number of problems, the most disconcerting ones being the lack of dense Send offprint requests to: D. Koester interstellar clouds in the solar neighborhood, and in many cases a large deficit of hydrogen in the accreted matter. These arguments have been summarized by Farihi et al. (2010a) , who in the same paper argue for the accretion of circumstellar dust as the source of the accreted matter. This dust is thought to originate from the the tidal disruption of some rocky material, left over from a former planetary system (Debes & Sigurdsson 2002; Jura 2003) . This idea has gained more and more acceptance in the last decade, mainly through the discovery of infrared excesses due to circumstellar dust in a significant fraction of DAZs and DBZs (Jura 2006; von Hippel et al. 2007; Farihi et al. 2009 Farihi et al. , 2010b . In particular the gaseous disks with Ca ii emission lines (Gänsicke et al. 2006 (Gänsicke et al. , 2007 (Gänsicke et al. , 2008 are the strongest confirmation for the disk geometry and its location inside the Roche lobe of the white dwarfs, a key prediction of the tidal disruption hypothesis.
A sample of 147 cool He-rich metal polluted white dwarfs (spectral class DZ) identified by SDSS has been analyzed by Dufour et al. (2007) . Of these, only two have T eff below 6600 K (at 6090 and 4660 K). Given that already about half a dozen cool DZ known within 20 pc of the Sun are brighter than this SDSS sample (including van Maanen 2 at only 4.3 pc, Sion et al. 2009 ) this suggests that a large number of cooler DZ remain to be found.
Color selection
We have been investigating the spectroscopic data base for white dwarfs with unusual properties (Gänsicke et al. 2010) , and identified SDSS0916+2540 (which we adopt as notation for SDSS objects throughout this paper) as a cool, very metal-rich DZ white dwarf. In the (u−g) vs. (g−r) color-color diagram, this star Fig. 1 . SDSS Two-color diagram for objects with spectra identified as normal stars (grey S-shaped region in the middle of the figure), QSO (cyan dots), DZ white dwarfs analyzed by Dufour et al. (2007) (solid black dots) and cool "extreme" DZ discovered by our search (red open circles).
lies below the main sequence, a region that has hitherto not been systematically explored for its stellar content. SDSS intensively targeted this region as part of its quasar program (Richards et al. 2002) . Inspecting all spectroscopic objects within SDSS Data Release 7 (Abazajian et al. 2009 ) that have colors within the dashed region shown in Fig. 1 confirms that the vast majority are z ∼ 3 quasars, however, we also identified 16 of these objects as cool DZ white dwarfs characterized by a strong complex of MgI absorption lines near 5170 Å (one of these turned out to be a carbon-rich DQ, see below). This finding, coupled with the fact that all except one of the SDSS DZ stars analyzed by Dufour et al. (2007) are located above the main sequence in (u − g) vs. (g − r) (Fig. 1 ) strongly suggested that part of the DZ population will fall right into the color space occupied by the main sequence. In the view of the large number of DR7 spectra of ∼K-A type stars we developed a search routine in the region bounded by the solid lines in Fig. 1 , which checks for the characteristic spectral features, foremost the Mg i lines near 5170 Å. Secondary criteria were the presence of the Na D lines and the absence of Hα. A heavy contamination are still K stars with molecular bands of MgH, but since the slope of the spectrum is quite different, they can be identified by visual inspection. This procedure led to the discovery of nine additional DZ white dwarfs, two of which were already in the Dufour sample. Two additional objects, SDSS0143+0113 and SDSS2340+0817, were identified independently by Dufour in a search for DZs. The complete list of cool DZ (plus one DQ) white dwarfs identified and their ugriz photometry is given in Table 1 .
Input physics and models

Line identification and broadening
All spectral features found in the spectra of the new cool DZ white dwarfs can be identified with lines from Ca, Mg, log P(λ) Fig. 2 . Quasi-static line profile for the Ca ii K resonance line (dashed, red), compared with the impact approximation (continuous, black). Parameters are 6000 K for the temperature and a neutral He perturber density of 10 19 cm −3 . The central region is enlarged in the top panel. The quasi-static calculation is only useful for the wing; approximately within the central region between the crossing points of the two profiles the impact calculation is the superior approximation. Na, Fe, Ti, and Cr, broadened predominantly through van der Waals broadening by neutral helium. The broadest lines show strongly asymmetric profiles, which were in the case of Mg i 5169/5174/5185 originally identified as due to quasistatic broadening by Wehrse & Liebert (1980) in their study of SDSS1330+3029 (= G165-7). The same conclusion was reached by Kawka et al. (2004) for SDSS1535+1247; both of these stars are in our present sample. The width of these lines, as well as that of the Ca ii resonance lines is far beyond the range of validity of the impact approximation, which is in these cases approximately 8-10 Å from the line centers (see p. 312 in Unsöld 1968) . We have used the simple and elegant method of Walkup et al. (1984) , who present numerical calculations for the transition range between impact and quasi-static regime, which can in both limits be easily extended with the asymptotic formulae. These profiles are reasonable approximations for the MgI triplet.
For the much wider Ca ii resonance lines this approximation fails. The reason is very likely that for such strong interactions needed to produce a 600 Å wide wing the approximation with a simple van der Waals r −6 law is not valid. We have used the quasi-static limit of the semiclassical quasi-molecular broadening theory as described in Allard & Kielkopf (1982) . This formulation (e.g. their eq. 59 in the cited paper) easily allows the incorporation of a Boltzmann factor to account for the variation of the perturbation probability with distance of the perturber in thermal equilibrium. It would also allow us to take a variation in the dipole moments into account, which, however, are apparently not available in the published literature. Notes. Spectral identifiers, and SDSS photometry ugriz with errors in parentheses. SDSS0142+0113, SDSS0937+5228, SDSS1404+3620, and SDSS1524+4049 have a second spectrum of slightly lower quality in the SDSS archive. SDSS0937+5228 (WD0933+526), SDSS0956+5912 (WD 0953+594), SDSS1038−0036 (WD 1035−003), SDSS1330+3029 (WD1328+307), and SDSS1535+1247 (WD1532+129, G137-24) are known DZ (see text for details), the others are new identifications of this study. Adiabatic potential energy curves for the ground state of the Ca + He quasi-molecule and the two exited states correlated with the resonance term of the Ca ii ion -(4p) 2 Σ and (4p) 2 Π -were calculated by Czuchaj et al. (1996) and numerical data were presented in a table. Approximate calculations for the spin-orbit interaction show a mixing of the two upper levels of the doublet and a complicated structure of the energy curves (their Fig. 4 ). Since no numerical data are given for these calculations, we use the potential curves without this interaction.
These profiles (Fig. 2) were used in the calculation of models and provide a fairly good fit for the red wing; the blue wing is mostly outside the SDSS wavelength range. Nevertheless, the current analysis is only a first attempt with a number of shortcomings:
-A more accurate description of the line profile needs to take into account the spin-orbit interaction and the variation of the dipole moments. -The potential curves are calculated only to the closest distance of ≈ 1.6 Å, since the authors were interested in possible minima and bound states of the molecule. The distant wings of the profile depend somewhat on how the potential is extrapolated to shorter distances. -Since the Ca ii ion has a net charge, the interaction with the He atom has a polarization term with a r −4 dependence on separation, which dominates at large distances. This is different from the case of a neutral radiator, where the potential is the van der Waals r −6 type. However, since the polarization term is the same for upper and lower state, it cancels out in the difference, which is the important quantity for line broadening. In principle the r −6 term should remain, but might be distorted by numerical noise. To avoid that, we have replaced the potential difference at large distances by an accurate van der Waals term, which allows us to recover a reasonable profile also near the line center.
-The quasi-static calculation is valid only in the wings. Within approximately 20 Å of the line center the impact approximation would be a better description. A complete calculation of the unified profile similar to the calculations for the Na and K resonance lines by Allard et al. (2003) would be desirable. Nevertheless, since the Ca ii resonance lines are strongly saturated in the line centers, the unsatisfactory description of the line core does not affect our results.
Atmospheric parameters from photometry
By iteration through trial and error we have determined T eff and abundances and calculated a model, which gives a fairly good fit to the spectrum and photometry of the most feature-rich object, SDSS0916+2540. The parameters for this object are T eff = 5500 K, log[Mg/He] = −6.9, log[Ca/He] = −7.6, log[Fe/He]= −7.1 (number abundance ratios). We then calculated a sequence of models with these abundances from T eff = 5000 K to 7000 K in steps of 100 K, and continued up to 9000 K in steps of 200 K, always assuming a surface gravity log g = 8.0. Similarly a second sequence was calculated with abundances appropriate for SDSS1103+4144 (T eff = 5700 K, log[Mg/He] = −7.9, log[Ca/He] = −9.7, log[Fe/He] = −8.1). The choice of this second object is somewhat arbitrary and was motivated by being most distant from the first sequence in (u − g) vs. (g − r) color space.
Convolving the spectral energy distribution with the ugriz band-passes of the SDSS photometric system, we constructed the two-color (u − g) vs. (g − r) diagram shown in Fig. 3 . Two conclusions can be drawn from this diagram -The location of the theoretical models depends in a complicated way on metal abundance, which is caused by an interplay of direct absorption in the optical range, and an indirect effect of the blanketing by very strong absorption in the ultraviolet. It would be difficult to estimate abundances from the photometry. -The observed objects form a temperature sequence, with some scatter caused by different relative abundances of Mg, Ca, and Fe. The general shape agrees with the theoretical grid, but the observations are shifted downward and to the left. This is a strong indication that we still underestimate the blanketing effect of the near ultraviolet spectral lines, although all expected strong lines of the detected metals, (most importantly Fe, Mg and Ca) are included in our models.
The Mg i/Mg ii resonance lines are predicted to be extremely strong, and it is well known that the simple impact approximation fails to reproduce the spectra in detail (Zeidler-KT et al. 1986 ). Potential energy curves for the MgII-He system were calculated by Monteiro et al. (1986) , but are not available in tabular form in the literature. Since no ultraviolet spectra exist for our objects, a comparison with observations is not currently possible.
In order to study the effect of stronger blanketing, we have increased the neutral broadening constant Γ 6 for the Mg ii resonance lines by a factor of 10, which was shown by Zeidler-KT et al. (1986) to produce a line consistent with the Mg abundance derived from the optical spectrum. The resulting twocolor diagram is shown in the lower panel in Fig. 3 . The new sequence is a better fit to the observations, although the blanketing is still underestimated at the hot end of the sequences.
Since metals not observable in the optical spectra might contribute to the free electrons as well as to the absorption, we made a few test calculations. We added the elements C, O, Al, Si, P, S, Sc, V, Mn, Co, Ni, Cu, and Zn with abundance ratios relative to Mg taken from Klein et al. (2010) , if observed in GD40, or with solar ratios otherwise. In another test series we used only the observed metals, but added 372 bound-free cross sections, mostly from Fe i. These test models showed no significant differences in the optical spectra and we therefore used only the identified elements in the analysis of the sample. The only exception is hydrogen, for which log[H/He] = −4 (number abundances) was used unless otherwise noted in Table 3 . This is a fairly typical value in the cooler objects of the Dufour et al. (2007) sample. It is also the upper limit in our spectra with higher signal-to-noise ratios, and a further reduction does not change the models anymore, since the electrons come predominantly from the metals.
As the next step we used the theoretical ugriz magnitudes for both sequences (with nominal broadening constants) to estimate an effective temperature for all objects in the sample using a χ 2 minimization. The second parameter in the fitting procedure was a number set to 1 for one sequence and 0 for the other. This allowed for an approximate interpolation between the two sets of abundances. The resulting temperature is given in Table 3 as T eff (phot) in the second column. Assuming that log g = 8, this fitting procedure also gives a photometric distance. More than half of our sample are closer than 100 pc, and all closer than 200 pc. Interstellar reddening should not be important, compared to the other sources of uncertainty, and was neglected in our fits.
Spectral fitting
We used the temperature of the grid point closest to the bestfit photometric temperature as a starting value in the analysis [K] 0143+0113 6600 6600 −7.4 −9.2 −7.7 0157+0033 6200 6300 −7.1 −8.1 −7.5 0205+2155 6000 6000 DQ 6000K C −7.0 0916+2540 5500 5500 −6.9 −7.6 −7.1 −9.3 Ti −9.0, Cr −8.9 0925+3130 5900 5900 −7.9 −9.3 −8.0 −9.3 0937+5228 7000 6900 −6.8 −8.3 −7.5 0956+5912 8600 8800 −5.5 −7.3 −6.5 −7.0 H −3.25 1038−0036 8300 8200 −6.6 −7.7 −7.2 −8.5 H < −4.7 1040+2407 6100 6200 −7.1 −8.0 −7.2 −8.5 1043+3516 5800 5900 −8.1 −10.1 −7.8 1103+4144 5800 5700 −7.9 −9.7 −8.1 −9.0 1144+1218 5400 5300 −8.2 −9.9 −8.6 1152+1605 6900 6600 −7.3 −8.5 −7.4 1234+5208 7800 7800 −5.9 −7.5 −6.5 −8.2 Cr −8.2 1330+3029 6200 6440 −6.9 −8.1 −7.0 −8.4 H ≈-3 1336+3547 6600 6700 −7.1 −8.8 −7.6 −8.7 H < −4.2 1356+2416 6100 6100 −7.7 −9.3 1404+3620 6600 5900 −7.9 −9.6 −8.6 1405+1549 7700 7700 −6.9 −8.1 −7.0 1421+1843 7200 6800 −6.9 −8.2 −7.1 −8.3 1430−0151 5700 6300 −6.4 −7.6 −6.8 −7.9 Ti −8.8, Cr −8.4 1524+4049 6000 5700 −7.9 −9.6 −7.9 −9.4 1535+1247 5600 6000 −7.3 −8.8 −7.6 −8.6 Ti −9.50, Cr −9.10 1546+3009 7200 6700 −7.2 −8.5 −7.0 1554+1734 7000 7000 −7.4 −8.7 −7.7 −8.5 1616+3303 6900 6700 −6.8 −8.5 −7.0 2340+0817 6300 6300 −7.5 −8.4 −7.5
Notes. Column 2 is the temperature obtained from photometry as explained in the text, column 3 is the final adopted temperature. The abundances are logarithmic ratios to helium by number.
of the individual objects. The abundances were varied, following a visual comparison of observed and theoretical spectrum. A small grid with T eff 100-300 K above and below the current best value was calculated and theoretical SDSS colors for these models compared to the observed ones. Most weight was given to the most accurate colors, i.e. g − r and r − i. This procedure was iterated, until a reasonable fit was achieved to the spectrum and the colors. g − r, r − i, and i − z were usually reproduced by the final model within 1-2 σ; for u − g the error was often (not always) larger (see Table 4 ), because of missing absorption in the u region. In the higher quality spectra we could additionally use the ionization equilibrium of calcium to determine the temperature. In a few cases the final temperature differs by several 100 K from the photometric starting value, because two objects with similar colors in the intermediate range of Fig. 3 can have very different temperatures, depending on the details of the metal contamination. Figures for all spectra with the fits are displayed in Fig.4 and Fig.5 .
Results
The results for T eff and the abundances of the observed elements are given in Table 3 . The objects of our sample form a natural extension of the DZ temperature sequence studied by Dufour et al. (2007) . We reproduce their results of the Ca/He abundances as a function of T eff in Fig. 6 several more objects at very large Ca/He around 6000 K, occupied up to now by the lonely G165-7. The fact that our sample does not include objects with low Ca/He abundances is likely a result of our selection procedure. 
Notes.
The observed values were corrected by −0.04 (u) and 0.02 (z) to transform them to the AB magnitude scale (adopting the corrections given on the SDSS DR7 web pages). For each object the first line are the observed colors, the second the model fit, and the third the errors of the observations.
Error estimates
The χ 2 fitting of the photometry described above gives formal errors for the effective temperatures in the range from 50 to 800 K. These are, however, not meaningful at all, as the metal abundances vary considerably from object to object, and differ generally from those used for the two sequences of our model grid. The iterative procedure used to determine individual parameters does not lead to formal error estimates. From the visual inspection we find that the fit gets noticeable worse for a change of 150 K, if the spectrum has a good signal-to-noise ratio (S/N), as well as many clear spectral features, in particular lines of Ca i and Ca ii. We hence adopt 150 K as our error estimate for the best cases, and estimate an uncertainty of 300 K for the lowest S/N objects (where the surface gravity is always fixed at the canonical value of log g = 8).
If the temperature and gravity are fixed and their errors neglected, the uncertainties of the abundances are estimated at 0.1-0.2 dex for Mg, Ca, and Na, and 0.2-0.3 dex for Fe, Ti, Cr. If possible errors of T eff and variations of surface gravity are included, the abundance errors can probably be up to twice these values in the worst case.
The comparison of observed and calculated u − g colors shows that in most cases our models are still missing absorption near 3500 Å. In our simulation with enhanced Mg ii broadening constant we found that the model flux is enhanced over the whole observed optical range. However, the slope of the continuum and the spectral features do not change significantly. We are therefore confident that this problem does not add a larger uncertainty to the derived abundances.
Notes for individual objects
SDSS0157+0033:
The Mg i triplet lines seem to be split and shifted, suggesting a noticeable magnetic field for this white dwarf. Higher S/N data are needed to confirm this hypothesis. SDSS0205+2155: This is a DQ with Swan bands of the C 2 molecule. From comparison with a grid of DQ models we estimate an effective temperature of about 6000 K, and log [C/He] Notes. q is the fractional depth of the convection zone, q = log M cvz /M. Columns 4 to 9 give the logarithm of the diffusion time scale τ for the elements Na to Fe in years.
= −7.0. The decrease of the flux at the blue end may be due to calcium and possibly iron, which is an interesting possibility, since the current explanation for the DQ stars is dredge-up of carbon from deeper layers (Koester et al. 1982; Pelletier et al. 1986 ). We estimate that the Ca abundance would need to be around log[Ca/He] = −10.0 to −10.5, but this is pure speculation at the moment. SDSS0937+5228: This is a previously known white dwarf (WD0933+526), first identified as a DZ by Harris et al. (2003) . SDSS0956+5912: Dufour et al. (2007) find T eff = 8230 K for this star, whereas we find a somewhat higher temperature from the SDSS photometry, continuum slope as well as blue flux. Our Ca abundance is also higher by about a factor two. SDSS1038−0036: Our temperature is significantly higher than the 6770 K found by Dufour et al. (2007) . As can be seen in their Fig. 7 , the Ca ii lines near 8600 Å are much too weak in the model. It seems that a higher temperature is a better fit. The spectrum from DR7 shows unexplained features near 4720 and 4865 Å; we have used the reduction of DR4 for the same spectrum, where the features are absent. SDSS1144+1218: The model fits the photometry very well, but the slope and absolute scale of the observed spectrum disagree. We consider this to be a calibration problem of the spectrum and the model in Fig 5 is adjusted with a linear correction. 
SDSS1152+1605:
Although the spectrum is very noisy there are some indications of possible Zeeman splitting in the stronger lines. SDSS1330+3029: This star is also known as WD 1328+307 and G 165-7. It was analyzed by Dufour et al. (2006) who found it to be a weakly magnetic (≈ 650kG) DZ white dwarf with Zeeman splitting in lines of Ca, Na, and Fe. We used their parameters T eff and log g, as well as their abundances and calculated a model without considering a magnetic field. As expected, the lines are slightly weaker and narrower in our model, due to the absence of the splitting, but otherwise it agrees very well with their results. SDSS1404+3620: The photometric temperature is very likely too high. The continuum slope and Ca i/Ca ii ionization demand a much lower T eff , which we have adopted here. The theoretical colors from the final model agree with the observations. SDSS1535+1247: This is a known white dwarf (WD 1532+129, G137-24), which was classified as DZ by Kawka et al. (2004) . Because the spectrum is similar to that of G165-7, they adopted the model of Wehrse & Liebert (1980) for that star with T eff = 7500 K and found metal abundances of ≈ 1/100 solar. They note, however, that a fit to the V JH photometry results in T eff = 6000±400 K. The u − g and g − r colors are similar to SDSS1330+3029, yet the slope of the spectra is quite different. Also, adding the i and z magnitude for the photospheric fit results in significantly lower temperature. The best compromise using the resonance and excited lines from the two ionization stages is T eff = 6000 K, in agreement with the photometric result of Kawka et al. (2004) . The theoretical griz photometry for the final model agrees well with the observations (Table 4) . SDSS1546+3009: This object may be weakly magnetic, with splittings and shifts apparent in many metal lines. A higher S/N spectrum is needed for confirmation.
Element abundances, diffusion, and accretion
Heavy elements in a helium-dominated atmosphere will sink out of the outer, homogeneously mixed convection zone into deeper layers. The abundance observed depends on the interplay of ac-cretion from the outside and diffusion at the bottom of the convection zone. These diffusion time scales can be calculated for all objects using the methods and input physics as described in Koester & Wilken (2006) and Koester (2009) . The data are collected in Table 5 .
The size of the convection zone, and the diffusion time scales depend on the effective temperature, which determines the stellar structure. In addition it depends on the metal composition of the atmosphere, because the atmospheric data at Rosseland optical depth 50 are used as outer boundary conditions for the envelope calculations. However, the total range of time scales over all objects and all elements only varies within a factor of ≈ 4, from 3 10 5 to 1.2 10 6 years. As discussed in Koester (2009) , the interpretation of observed abundances, and their relation to the abundances in the accreted material depends on the identification of the current phase within the accretion/diffusion scenario: initial accretion, steady state, or final decline. Except for the case of hotter DAZ, with diffusion time scales of a few years or less, we generally do not know in which phase we observe the star. The currently favored source for the accreted matter is a dusty debris disk, formed by the tidal disruption of planetary rocky material. The lifetime of such a debris disk is highly uncertain; estimates put it around 1.5 10 5 yrs (Jura 2008; Kilic et al. 2008) . If the lifetime is really that short, the steady state phase would never be reached for the cool DZ analyzed here. The observable abundances would be close to the accreted abundances during the initial accretion phase. If the accretion rate declines exponentially, this abundance pattern could persist for a longer period. If the accretion is switched off abruptly, the element abundances would diverge, according to their diffusion time scales.
The differences between the time scales of the four elements Mg, Na, Ca, Fe, which are observed in most objects, are at most a factor of 1.4. Given the relatively large differences between the diffusion time scales of Mg and Fe, is possible to attribute the scatter of the Fe/Mg ratio to differences in the time since the accretion episode? Let us assume for a moment that all objects have reached similar abundances when the accretion stops. The observed range in Mg abundances of 2.7 dex would, under this assumption, be due to an exponential decline for a duration of 6.22 τ(Mg). During this time the Mg/Fe ratio would change by a factor of 12 or 1.1 dex, and we would expect a correlation between Mg abundance and the Fe/Mg ratio. This model is obviously a strong oversimplification, but at least in a statistical sense it might be true that objects with lower overall metal abundance might have spent more time since the accretion stopped. Is such an effect observable? Fig. 7 shows the comparison for the Na/Mg, Ca/Mg, and Fe/Mg ratios. There is no evolution visible in the first two ratios. For Na/Mg this is expected, since the diffusion time scales are very similar and the ratio should always stay close to the accretion ratio. This would imply that the Na/Mg ratio in the accreted material can vary by much more than a factor of ten.
If anything, the Fe/Mg ratio shows an increase, in spite of the shorter time scales of iron. This means that the Mg abundance cannot be interpreted as an indicator of time since accretion; more likely the accretion reaches different values in different objects. The variation by a factor of ten in the Fe/Mg ratio could then be explained by subsequent diffusion.
The above considerations are rather speculative and need to be taken with a grain of salt. Abundance errors in individual objects could add up to 0.5 dex, and the theoretical diffusion time scales use several approximations (Koester 2009 Fig. 7 . Ca/Mg (red circles), Fe/Mg (black crosses), and Na/Mg (blue x) as a function of the magnesium abundance. 1.5. Because the time scales for the different elements given in Table 5 are very similar, such small changes could even invert the trends discussed above. An alternative interpretation could be to assume that the metal ratios are all still close to the accreted, assumed to be similar in all objects, and that the observed distribution is caused by uncertainties of the abundances and atmospheric parameters (e.g. log g). Table 6 collects relevant data for mean values and distributions of the metal-to-Mg abundance ratios. The width of the distributions could be completely explained, assuming typical errors of 0.15 dex for Mg, and 0.25 dex for Fe, Ca, and Na. In view of the error discussion above this is not implausible.
Conclusions
We have identified 26 DZ and one DQ stars across and below the main sequence in the u − g vs. g − r SDSS two-color diagram, most of which are new detections. A search routine tailored to the specific spectral features observed in these DZ was needed to avoid the confusion by the much more numerous main sequence stars and QSOs in this region. From our analysis with theoretical model atmospheres, which uses newly developed line profiles for the strongly broadened Ca and Mg lines, we determined the white dwarf temperatures and abundances for the polluting elements Ca, Mg, Fe, Na, and in a few cases Cr and Ti. The temperatures and abundances show that these objects form a sequence which continues that of the hotter DZs in the sample of Dufour et al. (2007) . The new objects fill the deficiency of objects with T eff < ∼ 8000 K at high Ca/He abundances, which was apparent in that work. We do not find new low-abundance DZ, which is most likely a consequence of the design of our search algorithm.
Very little is known for these DZ regarding their current phase in the accretion/diffusion scenario. However, if the accretion is, or was, from a circumstellar dust disk, it is unlikely that a steady state phase occurs, since the diffusion time scales are of the same order as the expected lifetime of such a disk. Because the diffusion time scales of the observed elements are very similar, we might expect that the metal-to-metal ratios are not too far from those in the accreted matter, and we compare the average values of these elements in the bulk Earth (Allègre et al. 1995) and the Sun (Asplund et al. 2009 ) in Table 6 . The average abundance ratios found for our DZ sample are similar to those of both bulk Earth and the Sun, with the Na/Ca ratio slightly favoring the solar abundance ratio.
An important element for a distinction between different sources would be carbon, which is not detected in our sample. This element is about a factor of 100 under-abundant in the bulk Earth, compared to the Sun and the interstellar medium. The DQ star SDSS0205+2155 demonstrates that log[C/He] = −7 produces clearly visible Swan bands. However, with the metal pollution in the other objects, the pressure and the transparency in the atmosphere are lower (due to more free electrons), and the typical upper limits are log [C/He] = −5.5 to −6.0, which is too high to distinguish between bulk Earth and solar/ISM carbon abundances.
Another critical element for all possible explanations is hydrogen. We note that in all objects the abundance of hydrogen relative to the metals is less than the solar value, even in the one case where it is detected. This is consistent with accretion of predominantly volatile-depleted material, since hydrogen accreted from the interstellar matter or from circumstellar water/ice would stay in the convection zone and can only accumulate with time.
In the case of the DBZ star GD40, Klein et al. (2010) were able to deduce very detailed conclusions from a comparison of photospheric abundances with those of various solar system bodies. The abundance ratios we obtain here roughly follow that of the bulk Earth. However, the remaining uncertainties of surface gravity, abundances, and time since the last accretion event do not allow us to draw any further conclusions in the present study. High resolution, high S/N observations and extending the spectral coverage at least to 3200 Å, or better to 2700 Å (to cover the Mg ii/Mg i resonance lines) are needed to refine the element abundances and detect the very crucial element silicon, and if possible carbon and oxygen.
We can, however, estimate a lower limit for the total accreted mass based on the available data for the convection zone. For SDSS0956+5912, which has the highest metal pollution, we find a total mass for the observed metals Mg, Ca, Fe, Na of 1.5 10 23 g. Adding oxygen with the same ratio to Mg as in GD40 (Klein et al. 2010) this number becomes 4.8 10 23 g, even more than in the extremely heavily polluted SDSS0738+1835 (Dufour et al. 2010 ). The total amount of H in the convection zone is 1.0 10 24 g. For SDSS1144+1218, which has the lowest abundances, these numbers are 3.2 10 20 g (observed metals), and 7.9 10 20 g (including oxygen). These masses span the range of the most massive asteroids in our own planetary system. These are the absolute minimum of the accreted masses -depending on how long ago the accretion ended, these masses can be at least two orders of magnitude larger, which will require minor planets much larger than known in the Solar system. Another open question, recently discussed by Farihi et al. (2011) in the context of G77-50, a DAZ of similar low temperature, is how such a very massive asteroid is suddenly driven into its host star from an orbit apparently stable over the past 5 Gyrs.
